Recent studies have shown that the detrimental effects of anthropogenic pollutants may be worse if organisms are exposed to natural stress. In this study, we examined whether negative effects of organochlorines (OCs) could be influenced by parasites. In two breeding seasons, we administered an anti-helminthic drug to groups of breeding glaucous gulls (Larus hyperboreus), whereas control groups were placebo treated. In all birds, blood residues of the most important OCs in the study population (hexachlorobenzene, oxychlordane, p,p 0 -dichlorodiphenyldichloroethylene and polychlorinated biphenyl), were measured. The relationships between OCs and fitness components (i.e. nesting success and return rate between breeding seasons) were then compared between the birds receiving anti-parasite treatment and the controls. Among untreated males, higher blood residues of OCs were associated with lowered nesting success, while in males receiving anti-parasite treatment, there was no detrimental effect of OCs on fitness. Return rate was not affected by treatment or OCs. Our findings suggest that parasites may be an important factor in triggering reproductive effects of such pollutants, and that relatively low levels of OCs may have serious reproductive consequences in natural populations when stress from other sources is high.
INTRODUCTION
An important aspect of the present ecology is to investigate the effects of anthropogenic stressors on organisms in nature. Human-induced stress is adding to existing natural stress and the combination of different stressors may be more detrimental than single stressors acting alone (Sih et al. 2004) . A well-known anthropogenic stress factor is environmental pollutants, such as pesticides and industrial chemicals. Recent experimental studies have provided evidence that the effects of environmental pollutants are more detrimental when combined with natural stressors. For example, laboratory studies of several frog species have found that the impact of pesticides on larval survival increases dramatically when combined with predation stress (Relyea & Mills 2001; Relyea 2003) . In juvenile chinook salmon (Oncorhynchus tshawytscha), the combination of polychlorinated biphenyl (PCB) and a fluke (Trematoda) had greater negative effects on immune function than either of the stressors alone ( Jacobson et al. 2003) . In addition, other laboratory experiments on invertebrates, rodents and birds have found that environmental contaminants may have different effects when individuals were exposed either to pathogens, nutritive stress or low temperatures (Rattner & Franson 1984; Keith & Mitchell 1993; Sibly et al. 2000; Leung & Furness 2001) . However, in natural bird populations, the joint effects of environmental pollutants and natural stress have not, to our knowledge, been experimentally studied.
In the glaucous gull (Larus hyperboreus) population at Bear Island (Norwegian Arctic), blood residues of different organochlorines (OCs) are adversely related to behaviour, reproductive performance, survival and other factors (reviewed in Bustnes 2006) , suggesting that OCs cause considerable stress. However, the levels of OCs, such as PCB ( xZ 15, maximumZ30 mg g
K1
, wet weight in brains) and p,p 0 -dichlorodiphenyldichloroethylene (DDE; xZ 3, maximumZ6 mg g K1 ) in birds found dead, or dying after showing abnormal behaviour, have been below concentrations normally assumed to be lethal (Gabrielsen et al. 1995) , suggesting that mortality is caused by a combination of several interacting stress factors. For example, birds with high OC concentrations had altered immune status, poor immune function (Bustnes et al. 2004 ) and higher parasite burdens (Sagerup et al. 2000) , suggesting complex interactions (trade-offs) between the ability to cope with OCs and the immune system. In birds, parasites are costly (Hudson & Dobson 1997 ) and a combination of high burdens of parasites and OCs may thus have great impact on individuals. The objective of this study was to experimentally examine interactive effects between OCs and parasites by testing whether effects of OCs could be mitigated by a reduction in parasite burdens. We randomly assigned individual glaucous gulls to anti-helminthic drug treatment or placebo treatment and recorded their levels of the four most abundant OCs (hexachlorobenzene (HCB), oxychlordane, DDE and PCB) in the blood of glaucous gulls (Bustnes 2006) . We then compared nesting success (i.e. probability of hatching young) and the return rate to the next breeding season, between the treatment groups, as a function of the average blood residues of the four OCs. If parasites were enhancing the adverse impact of OCs, our prediction was that the effects of OCs should be reduced in medicated birds compared with placebo-treated birds.
MATERIAL AND METHODS
The study was carried out at Bear Island (74830 0 N, 19801 0 E) in late May and early June 2000 and 2001. All details about the study area have been described by Bustnes et al. (2000 Bustnes et al. ( , 2001a . Breeding glaucous gulls were caught on their nests about two weeks into the incubation period (Bustnes et al. 2001a) . Blood was sampled from the wing vein (ca 10 ml) with a syringe and frozen within 5 h. All individuals were given numbered steel rings and letter-coded PVC rings. Body condition was indexed using body mass (G5 g), controlling for body size (headCbill; G0.5 mm; García-Berthou 2001). However, body size had no impact on our results and conclusions, and was thus removed from the final analyses. Sex was determined by size; males being larger than females (see details in Bustnes et al. 2001a) .
During incubation, the nests were checked every third day and predation recorded. Nest predation was recorded as both partial predation (loss of eggs) and complete nest predation (all eggs lost). In the following analyses, however, we only used complete nest predation, owing to few cases of partial nest predation. In the hatching period, nests were checked daily.
The breeding areas were thoroughly searched for returning birds in the breeding seasons 2001 and 2002 to record the return rate of adults. Glaucous gulls usually occupy the same, or nearby, nest sites for several years (Bustnes et al. 2003a (Bustnes et al. , 2005 . We are thus confident that we were able to record a very high percentage of returning individuals.
(a) Anti-parasite treatment Since we were recording fitness components of living birds, individuals in this study could not be sacrificed. However, Sagerup et al. (2000) killed and examined 40 nesting glaucous gulls for intestinal parasites in our study area. All gulls had intestinal helminths; 12 species in total. We thus have reliable information suggesting that all gulls included in this study had intestinal parasites. Moreover, critical to our experiment was a reliable method for removing parasites. In birds, several anti-helminthic drugs are known to be effective against intestinal parasites (Hanssen et al. 2003) and application of such drugs has also become an established method in ecological studies of wild birds (Hudson 1986; Fox & Hudson 2001; Hanssen et al. 2003; Seivwright et al. 2005) . In 2000 and 2001, every second individual caught was administered a 2 ml (50 mg fenbendazole, approx. 30 mg kg K1 body mass) oral dose of 2.5% PANACUR (Hoechst Roussel Vet GmbH), active ingredient fenbendazole (a benzimidazole; 25 mg ml
K1
). The drug is effective against various intestinal parasites in birds, e.g. nematodes, lungworms and cestodes (Norton et al. 1991; Yazwinski et al. 1992 Yazwinski et al. , 1993 , and has also been reported to cure Acanthocephala infections in monkeys (Weber & Junge 2000) .
Moreover, one study showed that one treatment with fenbendazole eliminated all nematode parasites in 221 out of 230 birds from 38 species of six orders (Lawrence 1983) . At recommended doses, negative side effects of fenbendazole are few (Short et al. 1988; Pedersoli et al. 1989 ), but toxic effects may be found in some bird species (Howard et al. 2002; Bonar et al. 2003) . It is thus very unlikely that the drug will have any positive effects apart from parasite removal, either alone or in interaction with OCs.
The birds in the control group were given 2 ml of distilled water by the same procedure. Nesting pairs were always given the same treatment.
Age may be a factor influencing parasite burdens (Hudson & Dobson 1997) , but since the medicated and placebo groups were randomly assigned and equal in all respects apart from treatment, there is no indication of different age distributions in the two groups.
(b) Environmental contaminants and chemical analysis In this study, we measured blood residues of the four most important OC components in glaucous gulls at Bear Island, which make up more than 95% of the sum of measured OCs (table 1): HCB (3-4%), oxychlordane (3-4%), DDE (17-18%) and PCB (73-74%) (Bustnes et al. 2003a) .
Manipulating the pollutant levels, as well as the parasite burden would be ideal. However, apart from the ethical aspect of poisoning animals in nature, the glaucous gulls already have high and greatly varying OC residues. It would thus be very difficult to disentangle the effects of contaminants occurring already from the effects of those experimentally given to the birds. Nevertheless, persistent organic pollutants that have no natural sources can be considered a 'treatment' on a continuous scale, since long-lived glaucous gulls have had only a limited time to adapt to this environmental stress, i.e. analyses from sediment cores have shown that OCs started to reach Bear Island in the 1950s, but high levels were not found before the late 1960s and early 1970s (Christensen et al. 2004) . Moreover, OC concentrations in the blood of glaucous gulls seem largely unrelated to age (Bustnes et al. 2003b) , further suggesting that age of the individuals is not a factor influencing the result of this study.
The OC analyses were carried out at the Environmental Toxicology Laboratory at the Norwegian School of Veterinary Science/National Veterinary Institute. All details regarding analyses of OCs can be found in Andersen et al. (2001) . The following PCB-congeners were determined (IUPAC numbers: 99, 118, 138, 153, 170 and 180) . In the analyses of ecological variables, we used the sum of these congeners, denoted PCB.
Other studies suggest a relatively high short-and long-term stability of the blood levels of OCs in incubating glaucous gulls under stable conditions, such as at Bear Island, indicating that blood concentration is a reliable and relative (compared with other individuals) measurement for body burden of an individual (Henriksen et al. 1998; Bustnes et al. 2001b ).
(c) Statistical analysis OC values were log-transformed to approximate a normal distribution. The levels of HCB, oxychlordane, DDE and PCB within an individual were highly positively correlated (range in r-values: 0.83-0.89). Inclusion of these four components as independent predictor variables consequently resulted in large variance inflation factors (greater than 10).
Rather than performing separate analyses for each compound, we calculated the mean of the four OC compounds and used this measure as an index of overall OC level. This index was highly correlated to the different compounds (range in r-values: 0.94-0.96). Only nests where eggs had been laid were included in the sample. Nesting success was modelled as a binomial response: hatching any number of chicks (1) or hatching no chicks (0), using generalized linear models (R development core team 2005). We examined interactions using type I likelihood ratio statistics. However, this was a planned experiment with one-tailed predictions, i.e. removal of parasites would enhance individuals' performance. We thus refitted the final model using type II Wald statistics (Fox 2002 ) and present one-tailed tests when examining the impact of treatment on breeding success. Both individuals could only be caught on 37 out of the 112 nests (females only: nZ41, males only: nZ34), and owing to this limited number each sex was treated separately when analysing nesting success. For each sex however, we took into account whether one or two birds had been treated, but this factor did not affect our results and conclusions. For simplicity, we omitted these results in the presentation. Return rate, i.e. the probability of returning from one year to the next in relation to treatment, year and OC, was modelled in a similar manner as nesting success, but in this analysis both sexes were analysed in the same models.
To examine whether any nonlinear relationship between OC level and nesting success and return rate existed, we used both generalized linear models with polynomials and generalized additive models (Wood 2006) . However, no such relationship was evident.
RESULTS (a) Nesting success
There was no significant difference in egg-laying dates, date of catching, clutch size, body mass and body size between the two experimental groups, either in males or in females (table 1) . Moreover, for males in both years and for females in 2000, there was no significant difference between the experimental groups in OC levels (table 1). In females, in 2001, however, two individuals had extremely high levels of oxychlordane (290 and 410% higher than the mean level) and DDE (250 and 315% higher than the mean level), which gave a significantly ( p!0.05) higher level in treated birds. To make the OC distribution in the two groups more equal, these two individuals were removed as outliers (table 1) .
Nesting success varied significantly between years in both males and females ( p!0.01), and we controlled for year in all statistical models. Body mass ( pZ0.45) did not affect the probability of nesting success after controlling for year and treatment, and this variable was excluded. Similarly, the interactions between year and treatment, and year and OC level were insignificant and hence removed from further analyses. There was, however, a significant main effect of treatment on nesting success. Furthermore, a significant interaction with OC level revealed that when the males were relieved from their parasite burden, OC level had no negative impact on nesting success (table 2 and figure 1). For females, no significant effect of treatment ( pZ0.62), OC level ( pZ 0.81) or interaction between these two predictors on nesting success was evident ( pZ0.45). Treatment had no effect on the probability of returning and there was no interaction between treatment and OC level (table 3).
DISCUSSION
Both pollutants and parasites may have serious fitness consequences in birds, affecting both reproductive output and survival (Hudson & Dobson 1997; Bustnes et al. 2003a; Hanssen et al. 2003) . This is, however, the first study in a wild bird population to provide experimental evidence that interactive effects between these factors have fitness consequences. That is, reductions of parasite burdens by anti-parasite treatment also removed the negative effects of the OC level on nesting success. However, in the present study, OC level did not affect the return rate between breeding seasons, although such relationships have been found in previous studies (Bustnes et al. 2003a (Bustnes et al. , 2005 . Moreover, anti-parasite treatment had no effect on return rate suggesting that parasite removal had only a short-term effect which disappeared as parasite burdens were rebuilding.
The fact that positive effects on nesting success were only found in males is not surprising since glaucous gull males have a greater protective role during the nesting stage than females; i.e. in addition to being larger and more aggressive than females, males were only away from the nest for about 20% of the time when not incubating, while females spent as much as 65% of this time away from the nest (Bustnes et al. 2001a) . Moreover, the lack of effects in females may also depend on the fact that they have lower OC levels than males (Bustnes et al. 2003a) owing to sequestering of OCs into eggs (Norstrom et al. 1986) .
Combined effects between pollutants and natural stressors have been found both in amphibians and in fish (Relyea & Mills 2001; Jacobson et al. 2003; Relyea 2003) , but in birds, there are few studies demonstrating such interactive effects. One central study of captive ringed turtle doves (Streptopelia risoria) showed that the negative effects of food deficiency on reproductive performance were much stronger when the birds were exposed to DDE (Keith & Mitchell 1993) . Rattner & Franson (1984) also found that cold intensified the toxicity of methyl parathion in American kestrel (Falco sparverius). Moreover, in fish-feeding glaucous gulls with long foraging flights (i.e. high feeding costs), there was a negative relationship between chick growth and the mothers' blood concentration of OCs. For females feeding in a seabird colony near the nest site (i.e. low feeding costs), Table 2 . The effects of year, anti-parasite treatment and OC level on log-odds of nesting success in male glaucous gulls. (Insignificant interactions were removed and the model refitted. Results are from generalized linear models using a binomial error structure and the logit link function. (Bustnes et al. 2005) . Hence, high energy expenditure capturing food seemed to trigger the negative effects of the OCs. Calow (1991) suggested that there were considerable metabolic costs related to a set of pathways through which the damage from toxins could be eliminated. A potential mechanism for how parasite removal mitigated the effects of OCs is thus an energetic trade-off between reducing the damage of OCs and coping with parasites. Walker et al. (2001) also acknowledged that there may be energetic costs associated with enzyme induction, the main detoxification pathway of PCB and some other OCs in birds, but concluded that such costs were small compared with the total energetic stress encountered by organisms in natural environments. Therefore, energetic trade-offs could exist, but there may also be other explanations for different effects of OCs when combined with natural stressors. Funseth et al. (2002a) recently demonstrated that mice subjected to dioxins and virus pathogens downregulated the detoxifying process in favour of acute-phase protein synthesis, which could be a result of a trade-off for vital resources necessary both in the detoxifying process and in coping with virus infections. Moreover, in a concurrent study, it was shown that mortality from dioxins increased in virus-infected individuals compared with non-infected individuals. Proposed explanations for the changes in the effects of dioxins in infected individuals were an infection-induced increase in dioxin toxicity to vital organs and/or dioxin-induced changes in tissue affinity and virulence of the virus (Funseth et al. 2002b) .
We have no information about the actual mechanism causing improved nesting success in anti-parasite-treated males, since we were unable to monitor behaviour of the birds. However, in a previous study in the same population, we monitored nesting behaviour of both male and female glaucous gulls and found that high OC loads were associated with reduced nest attendance (Bustnes et al. 2001a) . A possible chain of events for how the reproductive performance was improved may be that parasite removal released energy, or other vital resources previously needed for immune functions, which then could be used for mitigating the effects of pollutants. This may have resulted in lesser feeding time and higher nest attendance, which again increased nesting success.
This study indicates that parasites enhance the detrimental effects of OCs, but other natural stressors, such as nutrient deficiency, disease, thermal stress and predation may function in concert and cause synergies which worsen the effects of the anthropogenic pollutants even further. Such synergetic effects may explain why glaucous gulls with non-lethal OC levels die at Bear Island (Gabrielsen et al. 1995) . Hence, statements about levels in nature being too low to have adverse effects may be premature if the hazard thresholds are based on laboratory studies where animals are kept under optimal conditions. This also suggests that the hazardous levels of contaminants in nature will vary greatly both temporally and spatially. Finally, in this study, we tested the effects of the four OCs separately, but all individuals have a wide variety of OCs and other pollutants in their bodies (Verreault et al. 2005) . This mixture may exert even greater effects on reproduction which we may not have been able to record through this experiment.
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